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This paper focuses on the design and analysis of an ultra-high speed axial flux permanent magnet (AFPM) machine for aerospace
flywheel energy storage system. The superiority of the proposed AFPM machine is the material-efficient permanent magnet (PM)
shape which contributes to obtain a sinusoidal back-electromotive-force (back-EMF) and hence reduces torque pulsations of the
machine such as torque ripple. The harmonics present in back-EMF have a large influence on iron loss and torque pulsations which
are always unacceptable in the applications involving the speed as high as 1,000,000 revolutions per minute. Analytical modeling is first
performed to determine the PM shape for the proposed models. Then the advantages of the proposed models are verified by
comparing with the basic model with conventional ring shaped PMs using 3-D finite element method (FEM). The results show that the
proposed models have a nearly ideal sinusoidal back-EMF waveform that significantly reduces the torque ripples compared to the
basic model.
Index Terms—Axial flux permanent magnet (AFPM) machines, finite element method (FEM), sinusoidal back-EMF, torque
pulsations.

I. INTRODUCTION

T

of relatively small-size rotating machines with
ultra-high speed has been an area of interest for many
emerging applications such as machining spindles, dental
drills, compressors and turbochargers, portable power
generation, and energy storage systems [1]-[5]. These types of
high speed machines possess unique features such as compact
size, small number of poles, use of high-energy permanent
magnets (PMs), and simple winding arrangement depending
upon their specific application. Such machines are being
designed to operate at speeds reaching as much as one-million
revolutions per minute (1,000,000 rpm) [2]. At such a high
speed, machine performance in terms of torque pulsations and
losses must be minimized to ensure its smooth operation and
high performance.
A significant amount of work has been done concerning
ultra-high speed radial flux permanent magnet (RFPM)
machines for various applications [1]-[8]. However, for
applications such as flywheel energy storage systems, a
slotless axial flux permanent magnet (AFPM) machine having
a simple air gap winding becomes an attractive option not
thoroughly investigated. The inertia of an axial flux machine
is easier to adjust than their radial flux counterpart since the
thickness of the rotor can be adjusted in axial length without
affecting the electromagnetic performance of the machine. A
slotless stator core can be formed from a tape-wound core
which makes the stator construction much simpler than a
radial flux stator which requires a stack of thin punched
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laminations. Furthermore, a considerable amount of work has
recently been done to improve the performance of PM
machines by using PM shaping methods [9], [10]. In [10], the
authors propose a sinusoidal PM shape that offers the
advantages of saving magnet material, reducing torque
pulsations and eliminating the unbalanced axial
electromagnetic force. This could be a promising alternative
for high-performance applications.
In this paper, a novel machine design is presented to achieve
a nearly ideal sinusoidal back-EMF by special shaping of
the PM, thereby minimizing the torque ripples for aerospace
flywheel energy storage systems. Analytical modeling is first
performed to determine the required PM shape for the
proposed models. Then two proposed models with different
stator windings are investigated, with one based on radial
winding that validates the analytical modeling and the other
based on bunched winding that will be used in the proposed
application. To highlight the advantages of the proposed
models, a conventional AFPM machine with ring shaped PM
is adopted as the basic model. The machine performance
characteristics such as back-EMF and electromagnetic torque
are predicted by 3-D finite element method (FEM).
II. PROPOSED AFPM MACHINE
The proposed design topology utilizes an AFPM machine
with a dual rotor and single stator configuration. The
conventional annular (ring) shaped magnets that span the
entire rotor surface are used in the basic model as shown in
Fig. 1. The outer diameter of the stator is fixed at 50 mm while
the inner diameter is optimized to give the maximum output
torque. The machine has two-phase winding and two
permanent magnet poles on each rotor. The design
specifications of the machine are listed in Table I.
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(a)
(b)
Fig. 2. Investigated rotor magnet shapes. (a) Basic model rotor with a ring
shaped magnet. (b) Proposed model rotor with a sinusoidal shaped magnet.

Fig. 1. Expanded view of the basic model.
TABLE I
MACHINE DESIGN SPECIFICATIONS

(a)

Item

Unit

Value

Stator outer diameter
Stator inner diameter
Rotor core outer diameter
Rotor core inner diameter
Air gap between rotor magnet and stator coil
Stator core thickness
Rotor core thickness
Magnet thickness
Number of phases
Number of coils per phase
Number of turns per coil
Peak current density
Rotor angular speed

mm
mm
mm
mm
mm
mm
mm
mm
A/mm2
rpm

50
24
52
10
0.5
10
5
5
2
2
15
10
1,000,000

The inner and outer radial dimensions of the magnet
( Ri and Ro ) are maintained equal to the corresponding inner
and outer dimensions of the stator core, and the airgap length
between the rotor and stator is kept as small as possible in
order to safely assume that the magnetic field vector ‘ B ’
should remain axially directed towards the stator. In this
manner, the tangential velocity vector ‘ v ’ of the rotor and the
magnetic field vector in the airgap are always perpendicular to
each other. The analytical modeling of PM shape which
induces the back-EMF in the machine is explained below.
The instantaneous back-EMF induced in a single thin
conductor can be given as:

V (t ) 



R

Ri

(v  B).dr

(1)

where ‘ R ’ is the radial length of the magnet outer boundary
as defined in Fig. 2. Evaluating the right side of (1), we obtain

V (t ) 



R

Ri

vBdr

Here, the tangential velocity can be re-written in terms of
angular velocity ‘  ’ as

v  r
Therefore, (1) becomes

(b)

Fig. 3. Proposed models with sinusoidal magnet rotors. (a) Proposed model 1
with radial winding. (b) Proposed model 2 with bunched winding.

V (t )   B  rdr
R

Ri

 V (t )  [ B / 2]( R 2  Ri2 )

(2)

This result is a general equation for the back-EMF, which is
defined by two variables ‘B’ and ‘R’. The variable R defines
the shape of the magnet to be discussed in the following
sections. One is the conventional ring shaped magnet, while
the other is the sinusoidal magnet shape.
A. Ring Shaped Magnet
The back-EMF induced in a single thin conductor due to the
conventional ring-shaped magnets, as shown in Fig. 2(a), is
defined by

R  Ro

for 0     , and

B(r )  B0 for Ri  r  Ro
where ‘ B0 ’ is the airgap flux density which is axially directed
from the magnet to the stator core in case of north-pole
magnet and vice-versa in case of south-pole magnet. Therefore
(2) becomes

V (t )  [ B0 / 2]( Ro2  Ri2 )

(3)

After substituting the corresponding values, we obtain the
required voltage induced in a stator conductor for a period of
one half-cycle. For the remaining half-cycle, the value of
airgap flux density becomes negative as the conductor comes
under the influence of the south-pole. In this case the backEMF obtained is negative and the resultant waveform
becomes a square wave over one-cycle.
B. Sinusoidal Shaped Magnet
To obtain the desired sinusoidal back-EMF waveform a
sinusoidal PM shape can be designed as shown in Fig. 2(b),
which is defined by
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Fig. 4. Radially wound stator for proposed model 1.

B(r )  B0

for

Ri  r  R , and

B( r )  0

for

Ri  r  R . Also,

V (t )  0

when

R  Ri , and

V (t )  Vmax

when

R  Ro . Therefore,

Fig. 5. Back-EMF comparison.

Vmax  [ B0 / 2]( Ro2  Ri2 ) .
Thus, the factor ( R  Ri ) in (2) must vary in the form
2

2

[( Ro2  Ri2 ) sin  ] to obtain a sinusoidal voltage. i.e.,

( R2  Ri2 )  ( Ro2  Ri2 )sin 
 R  ( Ro2  Ri2 ) sin   Ri2

(4)

which is the required equation for a sinusoidal shaped magnet.
The induced voltage now becomes

V (t )  [ B0 / 2]( Ro2  Ri2 )sin  .

(5)

This equation now demonstrates that a sinusoidal voltage
can be induced in a thin conductor using the sinusoidal shaped
magnet. The two proposed models with different stator
windings are shown in Fig. 3. The proposed model 1 with
radial winding is shown in Fig. 3(a), and the proposed model 2
with bunched winding is shown in Fig. 3(b). In Fig. 3(a), the
stator winding is designed with thin conductor turns of
practical width with the radial distribution. Each turn is
separated by an angle of 6-degrees electrical as well as
mechanical as shown in Fig. 4. In this configuration, the
induced sinusoidal voltage in each phase will be given as:
7

Vphase  nct ncp  [Vmax sin{  (6n /180)}]

(6)

n 7

where

nct is the number of conductors per turn, and ncp is the

number of coils per phase. ( nct = 2 and

ncp = 2 in our case).

III. FEM RESULTS AND ANALYSIS
In order to analyze the electromagnetic performance of the
investigated models, three dimensional finite element method
(FEM) is utilized. The analytical modeling is verified through
FEM analysis by using the proposed model 1 since the
winding used in this model is radial winding, which realizes

Fig. 6. Back-EMF FFT comparison.

the analytical formulation explained in the previous section.
The back-EMF induced in each turn of the coil is a sine wave
but phase shifted from each other as governed by (6).
However, the resultant back-EMF of the coil will remain
sinusoidal as the sum of all sine waves of same period but
phase shifted from each other results in a sine wave
irrespective of their amplitudes. 3-D FEM results show that a
near ideal sinusoidal back-EMF with total harmonic distortion
(THD) factor of 0.64% can be achieved in case of proposed
model 1. The back-EMF THD factor can be calculated by
using the formula:

THD 

V22  V32  V42  ...
V1

(7)

where ‘ V1 ’ is the fundamental component of the back-EMF.
In practice, however, the application of such machines
could require the winding to be inserted in bunched coil
fashion as shown in Fig. 3(b) which is designated as the
proposed model 2. This introduces the harmonics in the backEMF of the proposed model 2 with a THD of 3.10%, which is
still considerably better when compared to the basic model
with back-EMF THD factor of 25.27%.
The back-EMF comparison of phase-A of all the three
models is shown in Fig. 5. The back-EMF waveform of
proposed model 1 and proposed model 2 is much closer to the
sinusoidal waveform. Fig. 6 shows the corresponding Fourier
transforms in which the 3rd, 5th, and 7th harmonic components
have almost been eliminated in case of proposed model 1 and
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proposed models but the torque density has been increased.
However, our basic design target is high energy density which
will be achieved from the high speed rotating mass of the
machine.
IV. CONCLUSION
A small-size and ultra-high speed AFPM machine has been
introduced in this paper to improve the performance in terms
of back-EMF and torque pulsations for aerospace flywheel
energy storage systems. The rotor PM shape is designed to
obtain a sinusoidal back-EMF using analytical modeling.
Based on two types of winding, two models are proposed
utilizing the sinusoidal magnets. Then a 3-D FEM analysis has
been performed which validates that the proposed sinusoidal
models have much less back-EMF harmonics and torque
ripple than the basic model. As a future prospect, machine
performance in terms of mechanical and thermal stress will be
considered and experimental work will be implemented.

Fig. 7. Electromagnetic torque comparison.
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Fig. 8. Electromagnetic torque FFT comparison.
TABLE II
3-D FEM RESULTS COMPARISON
Item
Back-EMF
(THD factor)
Back-EMF
(RMS value)
Electromagnetic
torque (Average)
Torque ripple factor

Basic
Model

Proposed
Model 1

Proposed
Model 2

%

25.27

0.64

3.10

V

581.1

479.1

513.9

Nm

0.0777

0.0645

0.0694

%

35.99

2.50

4.75

Unit

proposed model 2. Fig. 7 shows the electromagnetic torque
comparison of the models. The torque ripples are suppressed
in proposed models as expected from the sinusoidal backEMF. The torque ripple factor (TRF), defined as the ratio of
peak-to-peak torque to the average torque, is calculated as:
T  TMIN
TRF  MAX
(8)
TAVG
The torque ripple factor of the basic model and the proposed
model 2 is found to be 35.99% and 4.75% respectively which
shows about 86.8% reduction in torque ripples. The FFT
analysis of the torque is performed in Fig. 8 which shows that
the 4th and 8th harmonics have been greatly suppressed as
expected from the back-EMF THD value. The overall
comparison of the investigated models is listed in Table II,
which shows the machine performance in terms of torque
ripples is much improved. The proposed sinusoidal PM shape
has 36% reduced magnet volume than the conventional ring
shaped PMs. The average torque is slightly decreased in
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